I . Several in vitro methods were compared with in vivo methods for estimating the nutritive value of leaf-protein concentrates (LPC), using a freeze-dried preparation from wheat (A) fresh, (B) after heating moist, (C) after heating moist and then extraction with chloroform, and (D) after extraction with an acidified solvent.
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Determination of total amino acids
Samples of preparations A, B and C were hydrolysed with constant boiling HCl under reduced pressure at I 10' for 18 h (1.0 ml HC1 to 2.0 mg protein). After filtering through a sintered glass funnel and evaporating off the HCI, the hydrolysate was dissolved in 0.01 N-HCI containing 0.1 pmole nor-leucine per ml, and the amino acid content was determined on the Technicon Auto Analyser using the standard buffer gradient.
Results are expressed as g amino acid per 1 6 g N . The methionine content of sample A is the sum of the methionine and methionine sulphoxides found: there were only traces of sulphoxides in the hydrolysates from B and C.
Microbiological assay for available amino acids
The availability of amino acids to micro-organisms after predigestion with pepsin was determined as described by Ford (1962) with the composite standard described by Ford & Salter (1966) , Streptococcus faecalis being used to determine available lysine and Strep. xymogenes to determine available methionine, tryptophan, leucine, arginine and isoleucine.
Available lysine was also determined as described by Stott, Smith & Rosen (1963) as modified by Stott & Smith (1966) , Tetrahymena pyriformis being used.
In vivo tests of protein quality
BV and TD. An experiment was designed to determine the BV and TD of the four leaf-protein samples, A, B, C and D, using the general method of Mitchell (1924) as modified by Mitchell & Carman (1926) , Henry, Kon & Watson (1937) and Buchanan Twelve female hooded Norwegian strain rats aged 21 days, four from each of three litters were used. The basal low-N diet contained 0.625% egg-protein N and the others 1'25% leaf-protein N. Rats were offered 10-11 g diet per IOO g body-weight per day throughout each period of 8 days. Faecal N, urinary N, food consumed and changes in body-weight during the second half of each period were noted and used to calculate BV, TD and NPU for each leaf-protein sample.
The TD'S of samples A, D and E were compared by the same method with six male rats aged 21 days, three from each of two litters.
Protein eflciency ratio (PER).
The experiments with rats were not designed for this purpose, but PER values were calculated from the weight gain (g) per g protein (N x 6.25) in the food consumed in the 4 test days of each period.
('968).
In vitro solubility tests
Pepsin. The solubility of leaf proteins in strong pepsin solution (0.05%) was measured on the pepsin digests used to measure microbiologically available amino acids. It is expressed as the percentage of total substrate N that becomes soluble. The solubility of leaf proteins in very dilute concentrations of pepsin (o*oooz %) was also determined by the procedure of Olley & Pirie (1966 Lipid fractionation. Extracts were prepared as for the determination of total lipid. Each was then evaporated to dryness under reduced pressure and dissolved in chloroform.
Lipid sample F was prepared for thin-layer chromatography (TLC) and gas-liquid chromatography (GLC) by extracting approximately 1.5 g of leaf-protein sample B with ~o o m l chloroform at room temperature. The extract was washed, dried and diluted in chloroform as above.
For TLC, 5 ml of each lipid solution were evaporated to dryness, and taken up in 0-1 ml of washed chloroform, and 15 ,ul quantities were loaded on to silica gel G plates 0.4 mm thick. T o separate the phospholipids, chloroform: methanol: water: glacial acetic acid (85: 15:3.6: 10) (v/v) for about I min.
For GLC, 10 ml of each lipid solution were methylated according to the method of Stoffel, Insull & Ahrens (1958) by evaporating to dryness, adding 2 ml of methanol: benzene : conc. sulphuric acid (I 50 : 75 : 7.5) (v/v) methylating mixture and refluxing for 90 min. After cooling, I ml light petroleum (b.p. 40'-60") and I 5 ml water were added and the whole was shaken; when the emulsion had separated, the lower aqueous phase was discarded. After two further washes with water the mixture was evaporated to dryness under reduced pressure, taken up in 2 ml of methanol and filtered through cotton wool. The filtrate was evaporated to dryness, dissolved in 0'2 ml methanol and examined on a Pye 104, Model 64 chromatograph with dual-heated flame ionization detectors using a polyethylene glycol adipate column with argon carrier gas. The initial temperature was 70' and increased at 8" per min to a final temperature of 190'.
Esters were identified by comparing relative retention times with those of standard esters. The amount of each component was determined from the area under its peak, taken as peak height multiplied by peak width at half height. Detector response was determined from a mixture of standard esters.
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Determination of total amino acids
The comparison in Table z of amino acid contents of the leaf-protein samples A, B and C with the FA0 (1957) Provisional Pattern, shows that the essential amino acids are present in adequate quantities and there is little variation between samples although B and C contained less lysine than the fresh sample, A. Table 3 shows the amounts of available tryptophan, leucine, isoleucine, arginine and methionine determined with Strep. xymogenes and available lysine determined with Strep. faecalis. The method sometimes gives inconsistent results and in these determinations the availability of lysine and isoleucine was inconsistent at different protein concentrations. However, there seemed to be a general pattern, common to all the amino acids, that in B they were IO-ZO% less available than in A; in C they were equally available as, or slightly less available than, in B ; in D they were about 5 % more available than in A.
Microbiological assay for available amino acids
Microbiological assay of available lysine determined with Tetrahymena pyriformis gave smaller values for B, C and D than for A (Table 3) . 
In vivo tests of protein quality
A summary and statistical analysis of the results are given in Table 4 . The BV of each of samples A, C and D was 85 and that of B was So. Although B was lower than A, C and D, it was not significantly less than A or C or D. TD values showed no significant difference between A and C but for B the value was significantly less than for A and C. The value for D was significantly less than that for B.
The trends and significance of the NPU results were the same as those for TD. PER values also showed this same trend with D < B < A and C.
A second experiment showed similar TD and PER values for A and D and showed that the poor TD and PER of D could be overcome by adequate washing with water and adjustment of pH before drying (E).
Papain in vitro solubility
Solubilization of LPC samples A, B, C and D with papain (Table 5 ) showed that moist heating greatly decreased the rate and extent of solubilization-from 76 to 44% after 48 h incubation. However, chloroform extraction of the heated sample (C) almost restored the original rate and extent of solubilization-72% after 48 h. Extraction with an acidified solvent (D) decreased the extent of papain solubilization-20 yo after 48 h-although initially solubilization was reasonably fast, with 6 % solubilized after I h. 
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Pepsin solubility Table 6 gives the degree of solubilization of the preparations with strong (0.05 yo)
pepsin solution, used in the predigestion for the available amino acids determinations.
B was solubilized less than A, whereas C and D were solubilized more than A. Table 6 also shows that with very dilute (0~0002%) concentrations of pepsin, samples B, C and D were solubilized more slowly than the untreated sample A. Table 6 shows the extent of solubilization by pepsin followed by pancreatin (Meson & Stahmann, 1964) . Moist heating decreased the percentage solubility from 69 % (A) to 43 yo (B) but after extracting the heated material with chloroform the percentage solubility increased slightly to 55 % (C). The protein extracted with acidified chloroform-methanol (D) was only 24 94 solubilized.
Pepsin-panmeatin solubility
There was little difference between th.e TLCs of phospholipids (Pl. Ia) and neutral lipids (PI. ~b ) extracted from fresh (A) and heated (B) leaf protein. The chloroform extract (F) from heated material contained most of the neutral lipid but also a range of other identifiable classes of lipid. Extraction with chloroform removed about twothirds of the lipid, including almost all the sterol esters, triglycerides, free fatty acids, I : 3-and I : 2-diglyceridesY free sterols and rnonogalactosyl diglycerides, but less than two-thirds of the sterol glycosides, phosphatidyl ethanolamine, digalactosyl diglyceride and sulpholipids.
The GLCs of the methyl esters of these lipids ( 
DISCUSSION
One object of this work was to compare various in vitro methods with in vivo methods of estimating the nutritive value of leaf proteins, especially their sensitivity in detecting losses caused by heating and extraction with acidified solvents.
The BV, TD, NPU and PER for leaf proteins fed as the sole source of nitrogen to young rats are not necessarily satisfactory estimates of the nutritive value of such leaf proteins for children, adults or other non-ruminant animals. However it is reasonable to assume that they are a better index of nutritive value for man than any of the in vitro methods, yet enzyme solubilization tests in vitro are widely used as rapid methods for estimating protein quality. This study shows some of their limitations, based on the assumption that the rat tests give the correct result.
Effect of moist heating
The summary of determinations of nutritive value (Table 6) shows that all these methods predict some loss in nutritive value after heating a leaf-protein sample containing 8% moisture for 5 h at 1 0 5 O (A V . B). However, it is notable that the effect of heating was overestimated by all the in vitro methods, except solubility using concentrated pepsin (0.05 yo).
The solubility of B was much less than that of A with weak ( 0~0 0 0 2~0 ) pepsin but not so much less with strong (0.05%) pepsin. Differences in solubility were also greater with papain solubilization after 10-15 h than after 48 h. Hence, although heating had a considerable effect on solubilization rates, it did not necessarily much affect the ultimate extent of solubilization. The total amino acid composition (Table z) and microbiological tests for available amino acids (Table 3) suggest that methionine or total sulphur-containing amino acids were limiting for the fresh leaf protein (A). However, during heating more available lysine seems to be lost than available methionine, so that after heating lysine may be limiting and this may be the cause of the decrease in BV from 85 to 80%.
The decrease in the amount of linolenic (18 : 3) and linoleic acids (I 8 : 2) extractable after heating, without any corresponding increase in other less saturated fatty acids, is evidence that the linolenic and linoleic acids have formed complexes with other compounds in the leaf protein. The other possibility, that these unsaturated acids have been oxidized by atmospheric oxygen, is unlikely because the losses of solubility in papain after moist heating depend mainly on moisture content and occur in an atmosphere of N, just as readily as in air . Mere grinding of heated leaf protein does not affect the rate of solubilization by papain. Thus it seems that the loss of solubility is not caused by surface action spreading a film of oxidized fat across the protein, as described by Geisler & Contreras (1967) and Olley & Pirie (1966) for fish meals. The formation of complexes with unsaturated lipids is probably related to the losses in TD and enzyme solubility. This is supported by the following effects of extraction with mild solvents after heating.
EfJect of extraction with chloroform after heating
The loss in nutritive value on heating leaf protein can be largely reversed by mild solvent extraction. This applies to all the in .viva criteria used, i.e. BV, TD, NPU and PER.
The same pattern is not maintained, however, in the in vitro tests; solubility in weak pepsin is virtually unaffected by chloroform extraction although this treatment substantially increases solubility in strong pepsin (Table 6 ). Solubility of heated protein in pepsin-pancreatin is greater after extraction with chloroform but the increase is only about half the decrease caused by heating the protein. Solubility of heated protein in papain is also greater after extraction with chloroform and in this instance the increase is almost as great as the decrease caused by heating the protein.
Thus papain solubilization reflects the same trends as in vivo TD. There are differences between the lipids remaining and those extracted by chloroform after heating. The similarity in the rates of solubilization by papain after extraction with chloroform or z : I chloroform: methanol shows that the lipid remaining after extraction with chloroform (approximately one-third of that which can be extracted by 2 :I chloroform : methanol) did not influence the rate or extent of solubilization with papain. However, it is not clear whether the chloroform removed sufficient lipid to prevent its acting as a physical barrier between the enzyme and protein or was effective because it removed nearly all the neutral lipids and the fatty acids containing less than 16 carbon atoms.
The removal of these neutral lipids and lower fatty acids had a negligible effect on https://www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19690062 the rate of solubilization by dilute pepsin (Table 6) . A sufficient physical barrier of lipid may have remained, but probably the more polar-lipids or the higher unsaturated fatty acids, or both, had formed complexes that inhibited pepsin proteolysis. The fact that more concentrated pepsin (Table 6) gives a greater degree of solubilization after lipid extraction suggests that pepsin can eventually break these lipid-protein linkages.
ESfect of acid-solvent extraction
Although extraction with 2 : I (v/v) chloroform: methanol + I % HCl (sample D)
did not change the BV of the leaf protein, it decreased TD, and consequently NPU and PER. This was reflected in a decrease in solubility in papain, pepsin-pancreatin and weak ( 0~0 0 0 2~~) pepsin. However, the availability of all amino acids to streptococci after predigestion with pepsin was increased because solubility of the protein in the pepsin was increased ( Table 6 ). I n sample D the dry leaf protein was hard, horny and difficult to wet, probably partly because of acid absorbed from the acidified solvent. A similar loss of digestibility was noted by Buchanan (1969) in a sample extracted with boiling 2: I chloroform: methanol + I % HC1 in a Soxhlet and in one extracted for 4 h with boiling methanol in a Soxhlet. In each the horny brittle texture of the dry protein was probably the direct cause of the loss in digestibility and solubility in enzymes. Where residual acid was present it probably influenced the texture, although in D it had very little effect on the pH of protein suspensions in water or weak buffers. As shown in Table 5 , presoaking, which swells the protein, increased the rate of papain solubilization, whereas differences in particle size had little effect, presumably because the small and large particles had the same basic texture. The texture of dry leaf-protein preparations is affected by the procedure used during freeze-drying ; this too may affect digestibility. Long experience at Rothamsted shows that the greater the water content before freezedrying, the softer and more powdery the dry leaf protein.
Dry preparations are very convenient, both in research and in practical use, but whenever a protein has less nutritive value than its amino acid composition would suggest, an attempt should be made to test it in the undried state.
When the protein was extracted with acid solvent, washed in several volumes of water, and neutralized to pH 6 before drying (sample E), the in vitro papain solubility, TD and PER (Table 6) increased above those of the original fresh whole leaf protein. The TD of sample E (91 %) was greater than has been achieved for any other leaf-protein preparation. If this could be repeated on a large scale it would significantly improve the nutritive value of leaf proteins and might make a solvent extraction process worth while.
Similar variations in texture could have contributed to an unexpected growthdepressant action found by Carpenter, Lea & Parr (1963) in herring meal after extraction with chloroform-methanol solvent, or to toxicity found by Morrison, Sabry & Middleton (1962) in fish flour after extraction with chloroform. They found that subsequent extraction with ether removed the growth-depressant or toxic factor. The results of my experiments with LPC suggest that the ether may have modified the texture of the fish protein to increase digestibility or release bound chloroform, or both.
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Evaluation of in vitro tests
The samples used in this work had similar BVS but their digestibilities differed. The papain solubilization procedure showed the best correlation with TD. The pepsinpancreatin solubility was almost as good though it underestimated the recovery in digestibility after chloroform extraction of heat-damaged protein. However, if this deficiency can be overcome, the pepsin-pancreatin index, with amino acid analysis of the solubilized protein, seems to be a promising in vitro method of estimating the nutritive value of leaf proteins.
Pepsin was used at 0~0 0 0 2~~ and 0.057~ concentrations; neither offers a satisfactory method of estimating the digestibility of proteins such as leaf proteins when the lipid content can so influence the solubility in vivo. Predigestion with 0.05% pepsin is not a suitable method of preparing leaf-protein concentrates for microbiological assay of available amino acids. The general method could possibly be adapted for use after papain or pepsin-pancreatin predigestion.
The determination of available lysine with T . pyriformis involves no enzyme predigestion but includes a preliminary solvent extraction, which excludes the possibility of detecting the type of heat damage described here (B compared with A). The comparison of A and C suggests that the method also overestimates the losses caused by modification of the protein after heating. 
